Hedgehog proteins are secreted molecules that bind to their cell surface receptors to elicit concentration dependent responses essential for numerous tissue patterning and cell differentiation events during embryogenesis. However, during early stages of pancreas organogenesis, hedgehog signaling has been shown to inhibit tissue morphogenesis and cell differentiation. By contrast, recent cell culture studies indicate that an active hedgehog pathway might be required for maintenance of adult endocrine cell functions. This review describes our current understanding of the requirement of hedgehog signaling during pancreas morphogenesis and cell differentiation and discusses how individual hedgehog genes might act at various stages to ensure proper pancreas development and organ function. q
Introduction
During embryogenesis, the endodermal epithelium is partitioned along the anterior-posterior axis, a prerequisite for the development of highly specialized organs at distinct regions of the gut tube. The pancreas develops at the foremidgut boundary from dorsal and ventral epithelial extensions that branch into the surrounding mesenchyme and eventually fuse to form the mature organ. During this period, interactions between pancreatic epithelium and mesenchyme govern organ morphogenesis and cell differentiation. This process culminates in the precise localization of the islets of Langerhans, endocrine cell clusters that regulate blood glucose homeostasis, within a matrix of exocrine cells that secrete digestive enzymes into the duodenum. Numerous studies have characterized the role of a growing number of transcription factors during pancreas formation and endocrine cell differentiation (Edlund, 1999; Sander and German, 1997; Wilson et al., this issue) . By contrast, the role of signaling pathways during pancreas organogenesis has been addressed only recently. As is the case for most other organs, commonly used signaling pathways, including the transforming growth factor b (TGF-b), fibroblast growth factor (FGF), notch and hedgehog pathways, regulate and interact with each other to govern pancreas development (Kim and Hebrok, 2001 ). This review focuses on the role of hedgehog signaling components in pancreas organogenesis, endocrine cell differentiation and islet function.
Hedgehog signaling is essential for embryonic development
In their ground-breaking screen designed to identify genes required for early embryonic patterning, Nüsslein-Volhard and Wieschaus (1980) characterized several genes that regulate the anterior-posterior subdivision of the developing Drosophila embryo (reviewed in St Johnston and Nüsslein-Volhard, 1992) . By analyzing the pattern of epidermal extensions, known as denticles in the anterior and naked cuticles in the posterior part of a larval segment, they isolated mutant flies in which the boundaries between the anterior and posterior compartments were lost. One of these mutants showed a continuous field of denticles without any naked cuticles and thus was aptly named hedgehog (hh). Subsequent work led to the identification of the hedgehog gene first in Drosophila (Lee et al., 1992; Mohler and Vani, 1992; Tabata and Kornberg, 1994) and shortly afterwards in vertebrates, including fish, chick, mouse and human (Echelard et al., 1993; Krauss et al., 1993; Marigo et al., 1995; Riddle et al., 1993) . While only one hedgehog gene is present in Drosophila, several additional members of the family have been identified in vertebrates (reviewed in Ingham and McMahon, 2001 ).
In mammals three hedgehog genes, Sonic (Shh), Indian (Ihh) and Desert hedgehog (Dhh), have been isolated that are expressed during embryogenesis and are essential for the development of numerous organs (Chuang and Kornberg, 2000) . Hedgehog genes code for secreted proteins that bind to target receptors and elicit concentration dependent responses. The immature protein is cleaved via an autocatalytic process that generates an N-and a C-terminal fragment, the former possessing all signaling properties. During cleavage, cholesterol is covalently coupled to the N-terminal fragment, resulting in a protein that remains associated with the cell membrane Lee et al., 1994) . Distribution of the hedgehog ligands across several cell diameters requires the activity of the EXT genes that encode glucosyltransferases involved in proteoglycan synthesis (Bellaiche et al., 1998; Lind et al., 1998; Stickens et al., 1996) . The variety of hedgehog functions is impressive and ranges from the regulation of motor neuron diversity in the neural tube, the specification of digit identity along the anterior-posterior axis of the developing limb, and the control of stem cell proliferation, to the governance of cardiac morphogenesis (reviewed in Ingham and McMahon, 2001) .
The three mammalian ligands bind with similar affinities to Patched1 (Ptc1) and Patched2 (Ptc2), multi-pass transmembrane receptors expressed in hedgehog target cells ( Fig. 1) (Carpenter et al., 1998; Marigo et al., 1996; Motoyama et al., 1998a; Stone et al., 1996) . While both Ptc1 and Ptc2 are found in cells adjacent to hedgehog producing cells, Ptc2 is also expressed in hedgehog secreting cells, which is suggestive of an autocrine mechanism (Motoyama et al., 1998a) . Ptc proteins seem to play at least two distinct roles within the hedgehog pathway (Chen and Struhl, 1996) . First, they sequester hedgehog ligands and thereby limit their diffusion. Second, they are involved in transmission of the hedgehog signal from the cell surface to the nucleus in receiving cells. Although many of the details about the hedgehog signaling cascade are still under investigation, the prevalent model poses that in the absence of hh ligands, Ptc proteins repress the activity of another protein, Smoothened (Smo), a seven-pass transmembrane protein that has similarities to G-protein-coupled receptors (Akiyama et al., 1997; Alcedo et al., 1996; van den Heuvel and Ingham, 1996 ; the conventional model and alternatives are expertly reviewed in Kalderon, 2000 , as well as in Ingham and McMahon, 2001 ). Binding of hedgehog proteins to Ptc releases this repression, resulting in the activation of Smo and downstream signaling (Chen and Struhl, 1996; Quirk et al., 1997; Stone et al., 1996; Zhang et al., 2001b) . The intracellular components of the pathway have only partially been identified and characterized. However, based on homology to Drosophila, a number of activating and inhibiting kinases regulate the activity of Gli transcription factors that activate or repress target gene transcription (reviewed in Ingham and McMahon, 2001; Murone et al., 1999) .
Diffusion of ligands is further controlled by Hip, a novel hedgehog interacting protein (Chuang and McMahon, 1999) . Hip is co-expressed with Ptc and attenuates hedgehog signaling by sequestering hedgehog peptides and thereby limiting diffusion. In contrast to Ptc, Hip has only a single membrane spanning region and no signal transduction properties. No Hip homolog has been identified in Drosophila, suggesting that this inhibitor represents another level of control to prevent unregulated activity in vertebrates (Chuang and McMahon, 1999) .
While a number of central questions pertaining to hedgehog activities and signal transduction have been addressed in Drosophila, work in vertebrate systems has elucidated the requirements of this pathway during organ formation and tissue patterning. In this review, I will focus on the role of hedgehog signaling in pancreas development. 
Shh -an inhibitor of early pancreas formation?
In general, expression of hedgehog genes is correlated with instructive signaling that results in patterning events in the receiving tissue (reviewed in Chuang and Kornberg, 2000; Ingham and McMahon, 2001; Harmon et al., 2002) . The three mammalian hedgehog genes are broadly expressed throughout embryonic development with Shh showing the widest range of expression, and Ihh and Dhh exhibiting more restricted patterns (Bitgood and McMahon, 1995) . Loss of function analyses in mice have revealed essential roles for all three genes during embryonic development of numerous organs, including patterning of the neural tube, brain, limb bud, gut and testis Chiang et al., 1996; St-Jacques et al., 1998 , 1999 . In mouse mid-gestational embryos, Shh is expressed in nearly all epithelial cells lining the alimentary canal and its function is required for proper foregut and gastrointestinal development (Bitgood and McMahon, 1995; Echelard et al., 1993; Litingtung et al., 1998; Ramalho-Santos et al., 2000) . By contrast, Shh is excluded from pancreatic epithelium (Apelqvist et al., 1997; Hebrok et al., 1998 ) throughout development, suggesting that its function is inhibitive or dispensable for pancreas development.
In chick, initial studies demonstrated that the notochord, a mesodermal structure that is attached to the endodermal epithelium, is required for the initiation of the pancreas differentiation program (Kim et al., 1997b) . Support for the requirement of notochord-endoderm signaling for proper pancreas formation comes from studies in Zebrafish, as floating head mutants ( flh/Xnot) lacking a functional notochord display dramatically reduced expression of the pancreatic markers pancreatic and duodenal homeobox gene 1 (Pdx-1) and insulin in the presumptive islet area (Biemar et al., 2001) . Subsequent studies in chick have revealed that notochord-derived signals function to inhibit Shh expression in the dorsal endodermal epithelium along the anterior-posterior axis, thereby excluding Shh from the region of the dorsal endoderm, including the pancreatic primordium (Hebrok et al., 1998) . The restrictive effect on Shh expression in the dorsal endoderm is relieved when notochord and epithelium become separated by the fusion of the dorsal aorta, resulting in Shh expression within the dorsal-most compartment of the forming gut tube ( Fig.  2A,B) (Kim et al., 1997a; Slack, 1995;  for detailed discussion of the role of the vasculature on pancreas development see Lammert et al., this issue). However, after notochord separation Shh remains excluded from the dorsal and ventral pancreatic buds that develop caudal to the stomach and constitute the first morphological sign of pancreas formation in amniotes. Interestingly, Shh expression is found within the duodenal tissue that connects the opposing dorsal and ventral buds, resulting in a sharp molecular boundary that separates the duodenal/stomach epithelium from pancreatic tissue (Fig. 2) (Apelqvist et al., 1997; Hebrok et al., 1998) . This pattern, expression in stomach and duodenum and exclusion in pancreatic tissue, is maintained throughout organogenesis Ramalho-Santos et al., 2000) , suggesting that Shh might function to restrict pancreas development and that ectopic expression within pancreatic tissue may interfere with normal development.
Elevated levels of Shh impair pancreas formation
These hypotheses were tested by a combination of gainand loss-of-function experiments in chick, mice and fish. Analysis of fore-midgut endodermal epithelium isolated from 15 somite chick embryos and cultured for 3 days in Fig. 2 . Sonic hedgehog is excluded from pancreatic tissue in different species. (A-C) Chick, stage 18-19; expression of Shh is found throughout the gut epithelium at areas adjacent to the pancreas anlage (stomach, A,B) but is excluded from dorsal (arrowhead) and ventral pancreatic epithelium (A,C; arrows). Note that expression is visible in the duodenal tissue (d) separating dorsal and ventral pancreas buds. N, notochord; a, aorta; S, stomach; P, pancreas; d, duodenum; L, liver. (D,E) Mouse (E9); expression of Shh (D) or Ptc (E) does not extend into pancreatic tissue marked by expression of Pdx-1 (D). Dorsal and ventral pancreatic buds are outlined in (E). (F,G) Fish, 24 and 36 h post-fertilization, respectively; similar to mouse, expression domains of Shh and Pdx-1 do not overlap. Shh expression is depicted by bluish-gray staining (arrowheads) and the pancreatic domain is highlighted by Pdx-1 expression (orange, arrows). The insets show dissected ventral views of these double-labeled embryos emphasizing the exclusion of Shh and Pdx-1. (A-C) are reprinted with permission froma collagen matrix revealed that expression of the pancreatic marker genes insulin and Pdx-1 was lost concomitant with an increase in Shh expression (Hebrok et al., 1998) . Expression of both genes could be rescued by co-culturing the epithelial sheets either with notochord, a structure known to inhibit Shh expression in endoderm, or anti-Shh antibodies known to block Shh function (Hebrok et al., 1998; Marti et al., 1995) . These results suggested that inhibition of Shh is required to initiate the pancreatic differentiation program. In an elegant series of experiments, Apelqvist et al. (1997) directly demonstrated that Shh function is incompatible with pancreas organogenesis. Ectopic expression of Shh in the pancreas anlage under control of the Pdx-1 promoter (Pdx ! Shh) results in dramatic changes in pancreas morphology and loss of the spleen, an organ derived from mesenchyme located within the pancreatic area. Pancreatic mesenchyme itself is transformed into duodenal mesoderm with functional layers of muscle that possess the ability to constrict. This transformation of the pancreatic mesenchyme is accompanied by a significant loss of exocrine and endocrine tissue, suggesting that elevated levels of epithelial Shh instruct overlying mesenchyme in the fore-midgut region to assume a duodenal fate.
How do the pancreatic defects caused by ectopic expression of Shh in mice compare to the situation in notochorddeleted chick embryos? Expression of endocrine, insulin and Pdx-1, as well as exocrine, Carboxypeptidase A, markers is completely abolished in notochord-deleted chick embryos, revealing somewhat stronger defects than those observed in Pdx ! Shh transgenic mice that still develop some endocrine and exocrine tissue. However, it is important to note that the notochord produces a plethora of different signaling molecules, some of which might confer instructive signals to the pancreatic endoderm without blocking hedgehog signaling. Furthermore, notochorddepleted embryos can only be cultured for a short period of time and it is possible that the lack of endocrine and exocrine marker might also reflect a delay in cell differentiation. Thus, based on studies in chick and zebrafish it is well documented that the notochord initiates pancreas formation in the fore-midgut area and that at least one aspect of notochord-endoderm signaling controls the exclusion of Shh in dorsal pancreatic tissue.
Fore-midgut development also depends on signaling by activins, members of the TGF-b family of signaling molecules. Phenotypes similar to those observed with ectopic hh expression were observed in mice carrying mutations in type II activin receptors, ActRIIA and ActRIIB, transmembrane proteins with a high affinity for activins (Attisano et al., 1992; Mathews and Vale, 1991; reviewed in Massague and Chen, 2000) . Activin soaked beads have previously been shown to inhibit Shh expression in developing chick node and gut endoderm (Levin et al., 1995; Hebrok et al., 1998) , suggesting that TGF-b signals can block Shh expression within the forming pancreas. Ligands and receptors are expressed within developing pancreas epithelium and mature islets (reviewed in Kim and Hebrok, 2001 ) and functional evidence that TGF-b signaling is important for organ formation at the fore-midgut boundary comes from studies of ActRIIB mutant mice that displayed smaller and deformed spleens (Oh and Li, 1997) . Subsequent analysis of ActRIIB 2/2 and ActRIIA
, ActRIIB 2/2 double mutant mice revealed further deformations, including anteriorization of the stomach, reduction in pancreas and islet mass and significantly decreased expression of endocrine marker proteins . An expansion of the Shh expression domain from its normal boundary within the anterior region of the stomach towards the posterior part was detected in ActRIIA 1/2 , ActRIIB 2/2 embryos, further supporting the hypothesis that the observed defects are caused by ectopic hedgehog signaling. Importantly, Shh was not found within the pancreas proper, providing an explanation for the more modest changes observed in ActRIIA
, ActRIIB 2/2 mutants compared to Pdx-Shh transgenic mice that ectopically express Shh at high levels within pancreatic tissue. These differences also indicate that the inhibitory effect of Shh is concentration dependent, a hallmark of hedgehog signaling that has previously been observed during neural tube and limb bud patterning (Briscoe et al., 2000; Gritli-Linde et al., 2001; Lewis et al., 2001 ).
Inhibition of hedgehog signals within the fore-midgut anlage results in heterotopic pancreas
A likely conclusion of the above described experiments is that Shh creates molecular boundaries within the foremidgut region that prevent ectopic pancreas formation in tissues committed to form duodenum and stomach. Thus, if Shh in areas adjacent to pancreatic tissue is responsible for restricting pancreas growth, loss of Shh should increase pancreatic mass. Recent studies have tested this idea either by analyzing mice carrying a targeted deletion in the Shh gene or by generally inhibiting hedgehog signaling with chemical compounds . As has previously been shown, Shh is required for proper embryonic development and loss of its function results in a severe reduction of embryonic growth (Chiang et al., 1996) . While this decrease in embryonic body mass is due to a general reduction in organ size, pancreas mass in Shh knockout mice is unaffected, resulting in a significant relative increase of pancreas mass when adjusted to body mass. Surprisingly, however, no expansion of pancreatic tissue at the expense of stomach or duodenum or ectopic pancreas formation was observed, indicating that removal of Shh is not sufficient to induce pancreas development in nonpancreatic tissue . By contrast, general inhibition of hedgehog signaling in the pancreas anlage of developing chick embryos with cyclopamine, an inhibitor of hedgehog signaling (Fig. 1) (Cooper et al., 1998; Incardona et al., 1998) , leads to ectopic formation of pancreas buds and endocrine differentiation in chick embryos . The formation of pancreatic structures is restricted to the posterior stomach and proximal duodenum, areas that are characterized by the expression of Pdx-1, a transcription factor essential for pancreas development (Jonsson et al., 1994; Offield et al., 1996) . It is important to note that cyclopamine blocks hedgehog signaling downstream of patched, the hedgehog receptor, and thus inactivates all hedgehog ligands (Taipale et al., 2000) . Thus, overall inhibition of the hedgehog pathway allows heterotopic pancreas development in Pdx-1 positive endoderm, suggesting that other hedgehog proteins function to restrict ectopic pancreas formation during normal embryonic development. Previous studies have shown that Indian hedgehog is expressed in the caudal stomach and duodenum during embryogenesis (Bitgood and McMahon, 1995; Li et al., 1999; Ramalho-Santos et al., 2000) . Unfortunately, it is not possible to test for heterotopic pancreas formation in conventional knockout mice as Shh
, Ihh 2/2 double mutant embryos die before pancreas organogenesis is initiated (Ramalho-Santos et al., 2000) .
Specification of dorsal and ventral pancreas
In contrast to the other organs of the digestive tract, the pancreas forms from two distinct regions located on opposite sites of the gut tube. The dorsal and ventral buds are the first morphological signs of pancreas formation and only over time do they attach and fuse to form the mature organ (Slack, 1995) . The separate origin raises the question of whether the development of ventral and dorsal tissues is controlled by similar mechanisms and whether ventral pancreas size is also regulated via restrictive hedgehog signals. Circumstantial evidence indicating that this is actually the case comes from the observations that Shh is excluded from both the dorsal and ventral pancreas tissue during development (Apelqvist et al., 1997; Hebrok et al., 1998) . Confirmation that hedgehog signaling also disrupts ventral pancreas formation comes from transgenic animals that ectopically express Shh under control of the Pdx-1 promoter. This promoter element directs expression to dorsal and ventral pancreatic buds and ectopic hedgehog activation dramatically disrupts organogenesis of both progenitor tissues (Apelqvist et al., 1997) . Although it is known that spatial and temporal expression of several genes are differentially regulated in dorsal and ventral buds Hebrok et al., 1999; Li et al., 1999) , these results suggest that early pancreatic development in both pancreatic compartments depends on exclusion of hedgehog signaling activities. This raises the question of the mechanism by which hedgehog signaling is repressed in the dorsal and ventral buds. While the notochord inhibits Shh in the area of the dorsal bud within the midline endoderm, it does not contact the lateral parts of the endoderm that give rise to the ventral buds. Thus, Shh expression has to be repressed in the ventral anlage via a notochord independent mechanism. Although notochord-equivalent tissues that represses Shh in ventral pancreas have not been described, a recent paper by Deutsch et al. (2001) provides compelling evidence that the cardiac mesoderm regulates spatial hedgehog expression, and thereby ventral organ formation, via FGF signals. At a concentration of 5 ng/ml FGF2 induces Shh expression, thereby allowing hepatic but inhibiting pancreas formation, in mouse ventral endoderm. Interestingly, at the same concentration FGF2 blocks pancreas gene expression in isolated chick dorsal endoderm, further indicating that common mechanisms regulate early differentiation of the different pancreas buds (Deutsch et al., 2001; Hebrok et al., 1998) . However, in contrast to the dorsal endoderm, ventral foregut endoderm cultured in isolation is capable of expressing pancreatic markers, suggesting that pancreas differentiation is the default pathway for ventral but not dorsal endoderm. This hypothesis is supported by work in Xenopus in which mesoderm-free, cultured vegetal explants spontaneously express XlHbox8, the Pdx-1 homolog (Gamer and Wright, 1995; Henry et al., 1996) . Nonetheless, expression of XlHbox8 in these explants can be eliminated by incubation with FGF2 (Gamer and Wright, 1995) . In addition, active Shh peptide blocks the default pancreatic differentiation pathway in isolated ventral endoderm as measured by loss of Pdx-1 gene and protein expression (Deutsch et al., 2001 ). Thus, hedgehog signaling elicits similar responses in dorsal and ventral pancreatic tissue and ectopic expression of Shh generally inhibits early pancreas development.
Regulation of pancreas development by Shh in nonamniotes
A multitude of data supports the notion that hedgehog signaling, in particular Shh signaling, interferes with early pancreas formation in amniotes. Similar studies have been performed in frogs and fish with different results. Zhang et al. (2001a) have investigated the effects of constitutively activated hedgehog signaling on the development of the small intestine in Xenopus. After injecting RNA coding for a constitutively active form of smoothened into one-to twocell stage embryos several profound defects of gut formation were observed. Importantly, a complete histological absence of pancreatic tissue was noted, indicating that similar mechanisms regulate pancreas development in mouse, chick and Xenopus (Zhang et al., 2001a) . Surprisingly, different results were obtained in zebrafish. Here, the pancreas primordium develops from two bilateral stripes of cells adjacent to the midline that converge to form the mature organ (Biemar et al., 2001) . As in amniotes, the developing pancreatic cells express Pdx-1, while Shh is excluded from this region (Fig. 2) (Apelqvist et al., 1997; diIorio et al., 2002; Hebrok et al., 1998; Roy et al., 2001 ). However, embryos homozygous either for a mutation in the Shh gene, sonic you (syu), or smoothened, slow-muscle-omitted (smu) display markedly reduced levels of both Pdx-1 and Isl1, another pancreatic transcription factor diIorio et al., 2002; Roy et al., 2001 ). Injection of Shh or a dominantnegative version of protein kinase A (PKA), a protein that inhibits hedgehog signaling in its wild-type form (Hammerschmidt et al., 1996) , increases the field of Pdx-1 positive cells (Roy et al., 2001) . Thus, in contrast to amniotes and Xenopus, hedgehog signaling in zebrafish is required for early pancreas development. In effect, diIorio et al. (2002) provide evidence that the hedgehog activity during gastrulation affects islet formation. Treatment of embryos at the onset of gastrulation ablates or significantly reduces insulin expression in subsequent stages while treatment after gastrulation results in normal-sized islets. Interestingly, the defects are restricted to the endocrine islets while expression of Pdx-1 and Isl1 in other areas of the gut is not affected. It is likely that these effects are due to non-endodermal hedgehog signaling as Shh expression in endoderm is first found 24 h after fertilization, long after pancreatic cells have started to express Pdx-1 and insulin and significantly later compared to equivalent stages in amniotes (Apelqvist et al., 1997; Bitgood and McMahon, 1995; Hebrok et al., 1998; Roy et al., 2001 ). In contrast, cyclopamine treatment after gastrulation results in anterior mislocalization of normal-sized islets, suggesting that hedgehog signaling might restrict heterotopic pancreas formation within the formed endoderm in zebrafish and amniotes. Further evidence for a common, Shh-mediated inhibitory effect in amniotes and non-amniotes at later stages of pancreas development comes from analysis of mutant fish that carry a mutation in the vHNF1 gene (variant Hnf1 or Hnf1b; Sun and Hopkins, 2001) . vHnf1 is thought to activate Pdx-1 expression in the foregut endoderm and vhnf1 mutants display significantly reduced levels of Pdx-1, concomitant with an increase of Shh expression in this region. Similar to the phenotype of transgenic mice expressing Shh in pancreatic tissue, the ectopic activation of Shh in vHNF1 mutant fish leads to a complete loss of pancreas (Apelqvist et al., 1997; Sun and Hopkins, 2001 ). More importantly, mutations in the human vHnf1 are associated with MODY5 (maturity-onset diabetes of the young, type 5), further suggesting that the signaling mechanisms after the initial stages of pancreas organogenesis are maintained between zebrafish and humans (Sun and Hopkins, 2001 ). While several important questions remain unanswered, growing evidence points to different requirements for hedgehog signaling during the earliest stages of pancreas formation in fish and amniotes. However, as soon as the gut tube has formed and organ boundaries are established, expansion of Shh expression into the pancreatic Pdx-1 domain unanimously results in defects in pancreas organogenesis.
Requirement for hedgehog signaling during late stages of pancreatic development and mature organ function?
The studies reviewed so far clearly indicate that Shh disrupts amniotic pancreas formation if activated inappropriately in the pancreas anlage at early stages of development (before pancreatic buds are formed). As a consequence, Shh is not expressed in pancreatic tissue throughout development or in mature cells (Fig. 3) . However, the observation that both Indian and Desert hedgehog, as well as their receptor Ptc1, are detected during pancreas development and in the mature organ suggests that the hedgehog pathway is active during certain phases of pancreas formation Thomas et al., 2000) . This presents a conundrum, considering the notion that individual hedgehog genes are highly related and are known to bind the same receptors and activate similar responses in receiving tissues (Ingham and McMahon, 2001; Pathi et al., 2001) . It is therefore possible that (a) individual hedgehog genes have independent roles, or (b) hedgehog signaling is required for later but not earlier stages of development (Fig. 4) . The second argument is supported by the observation that Ihh is excluded from pancreatic tissue at early stages (E9, E11.5), but is found within the pancreas at later stages (Li et al., 1999; Hebrok et al., 2000) . Studies designed to demonstrate the function of the pathway at later stages of development or in mature animals have been hampered by the fact that general loss of hedgehog signaling components, including Shh, Ihh, and Ptc1, results in premature lethality before or shortly after birth. Similarly, transgenic animals expressing Shh at the onset of pancreas formation have not been instructive. The dramatic changes at early stages in these animals might mask potential later defects, as mice die within 3 weeks after birth before pancreatic islets have fully matured (Apelqvist et al., 1997) . While also not providing conclusive answers, other hedgehog signaling mutants have yielded more information that supports a role for hedgehog signaling in adult pancreas functions. Patched1 (Ptc1), a hedgehog receptor, acts as an inhibitor of the signaling pathway by inactivating downstream signaling in the absence of ligands and limiting their diffusion via sequestration (Goodrich et al., 1997 (Goodrich et al., , 1999 . Upon ligand binding Patched-mediated inhibition of Smoothened is relieved, resulting in activation of downstream target genes ( Fig. 1) (Denef et al., 2000; Ingham, 1998) . Previous work has shown that Ptc1 is expressed during pancreas development and in mature islets and ducts (Fig. 3) Thomas et al., 2000) . Homozygous Ptc1 mutant mice die shortly after initiation of pancreas organogenesis (,E9.5-10) and the analysis of pancreas development is therefore limited to expression of early pancreas markers (Goodrich et al., 1997) . Two of these proteins, Pdx-1 and glucagon, are diminished in Ptc1 mutants, further supporting the hypothesis that increased hedgehog signaling delays or abrogates early pancreas development. Fortunately, heterozygous Ptc1 animals survive to adulthood and therefore mature endocrine pancreas function in the face of increased hedgehog signaling can be assessed. Intraperitoneal glucose tolerance tests, a standard assay to assess the body's ability to control glucose homeostasis, showed significantly elevated glucose levels in Ptc 1/2 compared to wild-type, suggesting that mature endocrine pancreas functions are impaired . However, heterozygous Ptc1 mutants also display increased body mass and further testing will be needed to determine if the loss of glucose tolerance is due to impaired islet function or reduced peripheral insulin sensitivity. Even if these tests indicated that pancreatic islet formation is impaired, the defects might still reflect developmental changes rather than perturbations that occur within postnatal tissue. Temporal manipulation of hedgehog activity, e.g. with the help of tetracycline-inducible expressions systems (Gossen and Bujard, 1992; Gossen et al., 1995) , will be required to conclusively demonstrate that hedgehog signaling has a distinct function in the adult pancreas, independent of its role during embryogenesis.
Hedgehog signaling maintains b -cell function under cell culture conditions
As we await conclusive in vivo proof that hedgehog signaling regulates mature pancreas functions, evidence for such a requirement comes from studies of cultured insulinoma cells (INS-1) . Surprisingly, a recent report by Thomas et al. (2000) has shown that hedgehog signals activate insulin production and secretion in differentiated bcells. They also provided evidence that hedgehog signals activate the promoter of Pdx-1, a gene known to stimulate the insulin-promoter (Thomas et al., 2001) . Furthermore, inhibition of hedgehog signaling by cyclopamine treatment in INS-1 cells impairs Pdx-1 and insulin transcription, suggesting that sustained hedgehog activation could also be required for b-cell function within the context of the adult pancreas. The finding that hedgehog signals regulate Pdx-1 function implies a role of the pathway in neogenesis, regeneration and b-cell function in developing and mature pancreas (Ahlgren et al., 1998; Dutta et al., 1998; Sharma et al., 1999; Kritzik et al., 1999 Kritzik et al., , 2000 . These results also suggest that defective hedgehog signaling is a potential factor in the pathogenesis of type 2 diabetes (Thomas et al., 2000) . Fig. 4 . A schematic depicting the known and putative roles of hedgehog signaling during pancreas development. At the onset of pancreas development (,E8, mouse) hedgehog signals block pancreas development. Based on cell culture evidence, hedgehog signaling might control b-cell development and function at later stages and in mature tissue. These findings suggest that hedgehog signaling might switch from inhibitive to inductive signaling, however, the exact timepoint for this putative switch has not been determined.
If the phenomena observed in cell culture reflect the in vivo situation, the easiest way to reconcile these results with previous reports is to suggest that hedgehog signaling plays different roles during distinct stages of pancreas development (Fig. 4) . Therefore, hedgehog signaling is used at early stages to restrict pancreatic growth and early inhibition of the pathway at this point results in expanded pancreas development (Apelqvist et al., 1997; Kim and Melton, 1998) . At later stages, hedgehog signaling might be required for b-cell differentiation and function. Nonetheless, the cell culture data conflict with studies describing impaired pancreas function in Ptc heterozygous mutants that suffer from elevated hedgehog activity. The glucose intolerance observed in heterozygous Ptc mutants could be due to the fact that decreased levels of Ptc1 increase hedgehog signaling early during development and result in changes in endocrine cell differentiation that lead to impaired glucose intolerance. On the other hand, Ptc1 has been shown to have hedgehog independent effects and these attributes could be required for optimal islet function as well (Bejsovec and Wieschaus, 1993; Bhat and Schedl, 1997; Forbes et al., 1993; Gallitano-Mendel and Finkelstein, 1997) .
Several important questions are raised by these cell culture experiments. First, is hedgehog signaling required for pancreas development and function in vivo? Second, are Ihh and/or Dhh activities required for proper b-cell differentiation and function? Third, what is the precise expression pattern of Ptc1 and hedgehog ligands during pancreas development and in mature islets? In general, ligands and Ptc1 are found in adjacent tissues, however, recent results suggest that they are co-expressed in mature pancreatic bcells Thomas et al., 2000) . Further studies are needed to address if this unusual expression pattern reflects an autocrine feedback loop within b-cells. A detailed understanding of the requirement of hedgehog signals during b-cell development could help to optimize growth and differentiation conditions for stem and progenitor cells to generate functional insulin-producing cells for cell replacement strategies.
Evidence for different functions of hedgehog ligands during pancreas development
Based on the established inhibitory effects of Shh during early amniotic pancreas formation, the recent discovery that Ihh, Dhh and Ptc are expressed within pancreatic tissue, including islets of Langerhans, has come as a surprise Thomas et al., 2000) . The active Nterminal fragments of the three ligands are highly related (.90% amino acid identity between Shh and Ihh) (Ramalho-Santos et al., 2000) . All three are known to bind to their receptors Ptc1, Ptc2 and Hip with similar affinities (Carpenter et al., 1998; Chuang and McMahon, 1999) and have been shown to substitute for each other in a variety of different assays, albeit with different activities (Pathi et al., 2001 ). However, precedence for antagonistic activity of Shh and Ihh has been described during gut development (Ramalho-Santos et al., 2000) . Shh and Ihh are expressed in overlapping patterns in the developing gastrointestinal tract but have different functions during development of the enteric nervous system. While Shh mutants have an abnormally elevated number of neurons, loss of Ihh results in lack of neural cells, suggesting that both proteins have different and potentially antagonistic signaling properties (Ramalho-Santos et al., 2000) . The situation in the gut differs from the pancreas in that Shh and Ihh are not coexpressed during pancreas formation and the analysis of established knockout lines for both genes revealed different effects Hebrok et al., 2000; St-Jacques et al., 1998) . Loss of Shh results in significantly reduced embryonic body mass while pancreas mass remains at wild-type control levels, suggesting that pancreas organogenesis is not severely affected by the absence of Shh. By contrast, body and pancreas mass are reduced proportionally in Ihh 2/2 embryos, indicating that Ihh stimulates embryonic pancreas and overall organ growth .
Further studies will also be needed to clearly unravel the role of individual hedgehog ligands during pancreas development. Both Ihh and Dhh are expressed during pancreas development, and the remaining Dhh activity could well substitute in part for the loss of Ihh function in Ihh knockout mice. Desert hedgehog knockout mice have been generated , and both Dhh single and Ihh/Dhh double mutants survive until the end of gestation (unpublished results, Patrick Heiser, Hiroshi Kawahira and M.H.), a time when islet formation can be investigated. While studies from these animals will add to our understanding if pancreas formation depends on the activity of Ihh and Dhh, the overall requirement of both signals for proper embryogenesis might mask certain aspects of their activity. To obtain a conclusive answer as to how hedgehog signaling affects pancreas development might require tissue-and temporal-specific inactivation of individual hedgehog components during development and in the mature organ. For example, it is impossible to abolish expression of all hedgehog ligands within the fore-midgut region by means of conventional knockout approaches due to the fact that the combined loss of Shh and Ihh results in embryonic death before pancreas formation is initiated (Ramalho-Santos et al., 2000) . Thus, embryos carrying a triple knockout consisting of Shh, Ihh, and Dhh might die even earlier and would also not be instructive for studies of pancreas organogenesis. Other possibilities to eliminate hedgehog signaling in pancreatic tissue could include the ectopic expression of inhibitors of the pathway. Recently, a novel transmembrane protein and hedgehog inhibitor, Hip (hedgehog interacting protein), has been identified that binds to all three ligands. Ectopic expression of Hip in transgenic animals interferes with hedgehog function during bone and pituitary development (Chuang and McMahon, 1999; Treier et al., 2001) , indicating that Hip could be used to block pancreatic hedge-hog signaling when expressed appropriately. Stable transgenic lines expressing Hip in b-cells under the control of pancreas-specific promoters would allow spatial inactivation in domains restricted to the pancreatic anlage.
Hedgehogs role during endocrine and exocrine cell differentiation
The current data are insufficient to draw a firm conclusion about how hedgehog signaling affects endocrine and exocrine development, mainly due to the lack of cell-or tissue-specific manipulation of the hedgehog pathway. Nonetheless, ectopic expression of Shh at the onset of pancreas formation results in a severe reduction in overall pancreatic tissue, including both the endocrine and exocrine compartments (Apelqvist et al., 1997) . It is well known that the pancreatic mesenchyme governs exocrine development (Gittes et al., 1996; Miralles et al., 1998) and elevated levels of Shh transform the mesenchyme into duodenal mesoderm. As a consequence, the inductive cues required for proper differentiation and morphogenesis are lost and disorganized exocrine tissue is found interspersed in duodenal mesoderm. Endocrine islets are misformed, probably due to the lack of supporting signals normally provided by the surrounding exocrine matrix (Apelqvist et al., 1997; Krapp et al., 1998) . Mounting evidence suggests that endocrine cell differentiation is also directly affected by elevated hedgehog levels at early stages because insulin and Pdx-1 expression are diminished when prepancreatic endoderm is cultured with Shh peptide (Deutsch et al., 2001; Hebrok et al., 1998) . Furthermore, inhibition of hedgehog signals in the organs adjacent to pancreas leads to ectopic development of endocrine cells in the Pdx-1 positive regions Kim and Melton, 1998 ). As discussed above, studies on insulinoma cells further suggest that hedgehog signaling regulates mature b-cell function and potentially, by activating the Pdx-1 promoter, b-cell development and regeneration (Thomas et al., 2000 (Thomas et al., , 2001 . While these findings are intriguing and could open up previously unanticipated ways to control b-cell differentiation and function, it will be necessary to test these hypotheses in the context of the whole organ to ascertain their in vivo relevance.
Regulation of the hedgehog pathway in the pancreas area
Considerable efforts have been made to understand how hedgehog signaling is regulated during embryogenesis. In the pancreas anlage, signaling through the FGF and TGF-b pathways has been shown to regulate expression of Shh (Hebrok et al., 1998) . Activin is known to block Shh expression in developing chick embryos, thereby establishing leftright asymmetry in the developing embryo (Levin et al., 1997) . The decrease in activin signaling in activin receptor (ActR) mutants leads to an expansion of Shh expression towards the pancreas anlage and is accompanied by alterations in pancreas formation, including smaller organ size, decreased number of endocrine cells and defects in glucose tolerance .
The role of FGF signaling in regulating hedgehog expression within the pancreas area is less clear. At low concentrations, FGF2 suppresses Shh expression in isolated pancreatic endoderm while higher concentrations promote Shh expression (Deutsch et al., 2001; Hebrok et al., 1998) . In addition, other FGF signaling molecules, including FGF1, FGF4, FGF5, FGF7 and FGF10, are also expressed either during pancreas formation or in mature islet tissue and might affect hedgehog gene expression (Bhushan et al., 2001; Hart et al., 2000) . In the limb bud, FGF4 and Shh maintain their expression in a positive feedback loop while Shh restricts expression of FGF10 during lung outgrowth (Bellusci et al., 1997b; Laufer et al., 1994; Niswander et al., 1994) . It is interesting to note that FGF10 expression at early stages is confined to pancreatic mesenchyme, but excluded from adjacent regions, suggesting that Shh expressed in stomach or duodenal epithelium could restrict FGF10 expression (Bhushan et al., 2001 ). FGF10 expression is essential for expansion of pancreatic progenitor cells and negative regulation by Shh could therefore regulate pancreas size. Signaling mediated by secreted members of the Wnt family has also been described to activate expression of hedgehog genes during wing development in Drosophila and during limb bud development in vertebrates (Parr and McMahon, 1995; Pinson et al., 2000; Tabata and Kornberg, 1994) . While regulation of the hedgehog pathway by Wnt signals during pancreas formation has not been described, it will be interesting to investigate if they act synergistically to control certain aspects of pancreas organogenesis.
A recent study has provided evidence for regulation of Shh expression by transcription factors. Ectopic expression of three homeobox genes, Pdx-1, Hlbx-9 and MNR-2, has been shown to suppress Shh expression in the chick gut. This finding is intriguing, given the fact that all three transcription factors are co-expressed in the pancreas and thus could work together to ensure proper exclusion of Shh from pancreatic tissue (Grapin-Botton et al., 2001 ). However, Hlbx-9 knockout mice display a complete loss of Pdx-1 expression in the dorsal bud but no ectopic expression of Shh or Ihh in pancreatic epithelium is observed (Li et al., 1999) . Thus, either MNR-2 can substitute for both Pdx-1 and Hlbx-9 function or other genes participate in the exclusion of hedgehog gene expression at early stages. Future studies will be needed to assess the individual effect of these homeobox genes on the regulation of pancreatic hedgehog genes, Ihh and Dhh, at later stages of development.
Deregulation of hedgehog signaling results in pancreas malformations
Hedgehog signals control cell differentiation and prolif-eration in a large number of embryonic tissues in a concentration dependent manner and mutations that affect the activity of the pathway lead to various diseases and congenital disorders (Goodrich and Scott, 1998) . A reduction in hedgehog signaling has been associated with several congenital malformations throughout the intestinal tract in mice and humans (Chiang et al., 1996; Litingtung et al., 1998; Motoyama et al., 1998b; Pepicelli et al., 1998; RamalhoSantos et al., 2000) . In the pancreas, mis-regulation of hedgehog signaling results in morphological and functional defects. Ventral pancreatic extensions have been found in Ihh and, depending on the genetic background, Shh mutants Ramalho-Santos et al., 2000) . In most cases, the pancreatic tissue grows to encircle the duodenum, a defect that is similar to a rare human disorder known as annular pancreas (Hill and Lebenthal, 1993) . Studies in hedgehog mutant mice have shed light on the etiology of this human disorder and supported previously posed hypotheses by proving that the constricting annulus is exclusively derived from ventral pancreatic tissue . Other pancreatic defects, including the glucose-intolerance phenotype observed in Ptc1 mutant mice and the requirement for hedgehog signals for insulin transcription and secretion in insulinoma cells, argue that defects in the pathway might result in diabetes mellitus. However, as mentioned above, validation of cell culture results within the context of the whole organism will be required before strong conclusions about the role of hedgehog genes during maintenance of pancreas function can be drawn.
Future directions
Although a number of studies have addressed the role of hedgehog signaling during pancreas development, our level of understanding is still in its infancy. Only recently have we learned that two of the three hedgehog ligands are expressed within pancreatic tissue, suggesting that some level of hedgehog signaling might be required for proper development (Figs. 3, 4 , and 5A). On the other hand, ectopic expression of Shh interferes with pancreas organogenesis. At least two alternative explanations should be considered. First, it is feasible that pancreas development only proceeds normally when the level of combined hedgehog activity is kept below a certain threshold. Any increase above this threshold, e.g. through ectopic expression of either of the hedgehog genes, abolishes pancreas development (Fig. 5B-D) . Second, independent hedgehog genes might activate different responses in pancreatic tissue. Although all three hedgehog genes bind to the same cell surface receptors, additional proteins could modify downstream signaling, resulting in different responses in target cells. Antagonistic functions of Shh and Ihh during development of the enteric nervous system have been reported and similar mechanisms could regulate pancreas organogenesis (Ramalho-Santos et al., 2000) . To distinguish between these possibilities it would be interesting to test if ectopic expression of the pancreatic hedgehog genes under control of the Pdx-promoter results in the same defects that were observed in Pdx-Shh transgenic mice (Apelqvist et al., 1997) . In addition, we do not understand if pancreatic hedgehog signaling, mediated by Ihh and Dhh, is critical for optimal b-cell function and therefore glucose homeostasis in adult animals (Fig. 5E ). Combined loss of both genes through spatial inactivation of floxed Ihh and Dhh alleles with the help of tissue-specific promoters that drive CRE in pancreatic tissue could be used to answer this question.
Besides elevating our general understanding of pancreas formation, studies designed to address the function of the hedgehog pathway might also lead to novel insights into how endocrine cell differentiation and function is controlled. Hedgehog signals are known to stimulate proliferation and differentiation in a variety of different tissues and their activity might be required to maintain mature bcell function and number as well. Importantly, these proendocrine functions could be useful to instruct differentiation of progenitor cells towards a pancreatic path. Thus, early inhibition followed by induction of the hedgehog path-way could increase the level of insulin-producing b-cells under cell culture conditions. While these ideas are speculative at this point, they are at least partially supported by in vivo and cell culture experiments (Apelqvist et al., 1997; Hebrok et al., 1998; Thomas et al., 2000 Thomas et al., , 2001 .
Finally, a growing number of genes that are either within the pathway or modify its activity have been identified (Ingham and McMahon, 2001 ). The role of most of these proteins during pancreas development has not been addressed yet. Considering the turbulent history of the study of this exciting pathway, I am tempted to conclude that numerous unexpected surprises are awaiting us before we unravel all of the secrets of pancreatic hedgehog signaling.
